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Mycobacterium tuberculosis is a facultatively intracellular bacterium that causes tuberculosis (TB). Between 1985 and 1991, TB increased 33% in Switzerland, 30% in Denmark, 20% in Norway, and 18% in both Ireland and the United States. Presently, TB affects 1.7 billion people worldwide. With 55 million cases of active disease, there are 8 million new cases and around 3 million deaths per year (2, 14) . This situation, mainly in the developing countries, is directly related to a "weakness" of the immune system caused by human immunodeficiency virus infection, cancer, and the application of immunosuppressive drugs in chemotherapy (6) . The situation is further complicated by the emergence of multi-drug-resistant strains (2, 6) .
Mycobacterium bovis BCG is the currently used vaccine against tuberculosis, but its efficacy varies widely, from 0 to 90% (15) . BCG mainly activates CD4 ϩ T cells, but it fails to activate CD8 ϩ T cells (14) . Cytotoxicity mediated by CD4 ϩ cells, however, is probably not sufficient to eradicate the mycobacterium, which has an excellent capacity to survive intracellularly. Several studies have demonstrated the importance of CD8 ϩ cytotoxic T lymphocytes (CTLs) against M. tuberculosis infection in mouse (CD8 knockout) models (11) and humans (12, 19, 22) . However, only a few studies have described the mycobacterial antigens and the epitopes recognized by CD8 ϩ CTLs (4, 31, 32, 38) . Induction of cellular immunity, covering both CD4 ϩ and CD8 ϩ T-cell activation, may therefore be required for providing protection against M. tuberculosis (13) .
For the identification of CTL epitopes on viral, bacterial, and tumoral proteins, different strategies can be followed. One approach used is immunization with the whole protein to generate CTL responses or CTL clones and the subsequent mapping of the epitope by overlapping synthetic peptides (23) . An alternative approach is to select 8-to 11-amino-acid (aa)-long peptides based on known major histocompatibility complex class I (MHC-I) binding motifs. These peptides are then studied for their ability to up-regulate and stabilize MHC-I expression (44) . The advantage of this approach is that it limits the number of peptides to be synthesized and to be tested in animal experiments.
The 38-kDa lipoglycoprotein, one of the better-studied antigens of M. tuberculosis, is actively secreted but is also partly attached to the surface of mycobacteria by a lipid tail (43) . The protein induces strong antibody and T-cell responses and provides partial protection against M. tuberculosis infection in mice when it is administered either entrapped in biodegrad-able microparticles or in the form of a DNA vaccine (37, 46) . Epitopes on the 38-kDa lipoglycoprotein have been recognized by CD4
ϩ T cells and studied extensively with both mice (34, 36) and humans (35, 42) . Recently, a number of epitopes recognized by CD8 ϩ T cells (CTL epitopes), with an H-2 b restriction, have also been described (38, 46, 47) . This report describes the identification of CTL epitopes with an H-2D b restriction by synthesizing peptides with MHC-I binding motifs and studying their ability to up-regulate and stabilize MHC-I molecules. Positive peptides in these assays do not necessarily induce cytotoxic T-cell responses, even when they are injected with incomplete Freund's adjuvant (IFA) (3, 9, 10, 38) . The immunogenicity of these peptides, however, can be strongly improved by attachment of lipid tails, preferably with a spacer amino acid sequence between peptide and lipid (5, 18, 20, 26, 33) . Previously, it has been demonstrated that the cysteine-serine-serine (CSS) spacer amino acid sequence was required for the efficient induction of CTLs against malaria epitopes (33) . Therefore, palmitic acid with a CSS spacer amino acid sequence was linked to the amino terminus of the peptide, and mice were immunized with these lipopeptides in combination with IFA. Two new H-2D b CTL epitopes were identified on the 38-kDa mycobacterial lipoglycoprotein, which increases our knowledge for future M. tuberculosis vaccine design. The relationship between the ability to up-regulate and stabilize MHC-I molecules and the capability to induce CTLs by peptides and lipopeptides will be discussed.
MATERIALS AND METHODS
Mice. Inbred C57BL/6 (H-2 b ) female mice were purchased from Iffo Credo (Someren, The Netherlands) and kept at the Central Animal Laboratory of the Utrecht University. Animals were used at ages of 8 to 12 weeks. Experiments were approved by the Ethics Committee on Animal Experimentation of the Utrecht University.
Synthetic peptides and lipopeptides. Peptides (8 to 11 aa) with H-2D b binding motifs were designed from the 38-kDa lipoglycoprotein by using binding motifs as described by Engelhard (8) . These peptides and lipopeptides (Table 1) were either synthesized at the Peptide Center of the Research School of Infection and Immunity, Veterinary Faculty, Utrecht, or at the Core Facility of the Centers for Disease Control, Atlanta, Ga.
Lipopeptides with a CSS spacer sequence were prepared by the same methodology used for the peptides. Palmitic acid was linked to the deprotected amino terminus of the resin-bound peptide by using the peptide synthesizer, employing the reaction conditions used for a standard amino acid coupling. Peptides and monopalmitic acid-peptide conjugates were cleaved from the resin, deprotected, and purified by standard procedures (30) . The composition and purity of the peptides and lipopeptides were checked by amino acid analysis, reverse-phase (38) . Cells were grown in Iscove's modified Dulbecco's medium (IMDM) supplemented with 10% heat-inactivated fetal calf serum, 10 g of gentamicin per ml, 2 mM glutamine, 1.7 g of NaHCO 3 , and 50 M ␤-mercaptoethanol (IMDM-complete).
Flow cytometry analysis of MHC-I up-regulation. The flow cytometry assay was performed as described by Zhou et al. (44) . In short, RMA-S (H-2 b ) cells at log phase (10 6 /ml) were collected, washed with IMDM-complete, and cultured overnight at 25°C at a concentration of 10 RMA-S stabilization assay. In the RMA-S stabilization assay, the cells were incubated for 30 min at 25°C with various concentrations of peptide and then transferred to 37°C and incubated for the indicated times (0 to 180 min), followed by washes at 4°C in IMDM-complete. For a zero time point determination, cells were immediately washed at 4°C after the 25°C incubation. Next, the cells were stained for D b surface expression, as described above. Immunization procedures. Mice were immunized by one subcutaneous injection of 100 g of peptide P3 or lipopeptides LP1, LP3, and LP4, emulsified in IFA 1:1 (vol/vol), at the base of the tail (total volume, 100 l). Spleens were isolated between 1 and 2 weeks after immunization.
In vitro expansion of antigen-specific CTLs. After spleen isolations, cell suspensions were prepared as described previously (45) , and the erythrocytes were lysed by hypotonic shock and washed twice with IMDM. Spleen cells (30 ϫ 10 6 ) from in vivo-primed mice were cocultured with mitomycin (Sigma Chemical Co., St. Louis, Mo.)-treated EX-38 cells (1.5 ϫ 10 6 ) in a 10-ml cell suspension in IMDM-complete for 5 to 6 days at 37°C at 5% CO 2 . Ten to 30 U of IL-2 (supernatant of EL-4 cells incubated with concanavalin A and phorbol myristate acetate for 24 h; the remaining concanavalin A was neutralized by mannose) was added after 48 h of culture.
51 Chromium release assay. Cells of the in vitro culture were collected and washed once with IMDM-complete. Viable cytotoxic effector cells were separated from dead cells by centrifugation through a Lympholyte-M density gradient (2,000 rpm for 10 min), washed two times, and resuspended in RPMI 1640 supplemented with 5% fetal calf serum (CTL medium) at a concentration of 4 ϫ 10 6 cells/ml. EX-38 or EL-4 target cells (2 ϫ 10 6 ) were incubated for 1 h at 37°C with 100 Ci of 51 Cr (Amersham, Life Science). Cells were washed three times, and 5 ϫ 10 3 target cells in 100 l were added to 100 l of various numbers of effector cells which had been plated in 96-well U-bottom plates. The plate was 
RESULTS

MHC-I (H-2D
b ) up-regulation by peptides and lipopeptides. Peptides and lipopeptides from the 38-kDa mycobacterial lipoglycoprotein with known MHC-I mouse binding motifs were studied for their ability to up-regulate MHC-I molecules on RMA-S cells. A twofold increase in mean fluorescence was observed for peptides P3 and P4 at the highest peptide concentration, whereas for peptides P1, P2, and P5, the mean fluorescence showed no increase above the background (Fig.  1A) . The increase in mean fluorescence was peptide concentration dependent, and peptides P3 and P4 had a similar capacity to up-regulate MHC-I molecules, as did the known CTL epitope of the influenza virus nucleoprotein (44), which also had the H-2D b MHC restriction (Fig. 1A ). To increase cytotoxic T-cell induction by the identified peptides, palmitic acid was coupled to peptides with the CSS spacer amino acid sequence. Three different lipopeptides were prepared: LP3 and LP4, of the two identified positive peptides, and LP1 as a negative control. The ability of these lipopeptides to up-regulate MHC-I molecules was also studied. LP3 showed up-regulation of MHC-I molecules similar to that of peptide P3 (Fig. 1B) . A much lower level of up-regulation was observed for LP4, whereas for LP1, like for the peptide, no up-regulation was detected.
Stabilization of MHC-I (H-2D b ) molecules. It has been shown previously that the capacity of a peptide to bind and stabilize MHC-I molecules is directly correlated with the peptide's ability to induce specific CTL responses (9, 16, 28, 44) . Therefore, the binding and stabilization of H-2D b molecules by peptides P1, P3, and P4 and their corresponding lipopeptides were investigated. Peptides P3 and P4 up-regulated and stabilized the MHC-I molecules for a period of up to 3 h (Fig. 2B  and C) . This stabilization was peptide concentration dependent. However, P3 was much better able to stabilize H-2D b molecules than P4 was. The minimal concentrations required for stabilization of P3 and P4 were 1 and 50 M, respectively. In contrast, no stabilization was seen for peptide P1 with any of the concentrations used ( Fig. 2A) .
The ability of the lipopeptides to stabilize MHC-I molecules was also investigated. The lipopeptides gave results similar to those of the corresponding peptides (Fig. 3) . Lipopeptides LP3 and LP4 stabilized the MHC-I molecules, whereas for lipopeptide LP1, no stabilization was detected for any of the concentrations tested. The minimal concentrations of lipopeptide required for stabilization during the 3-h period were 10 M for LP3 and more than 50 M for LP4. Thus, two of five peptides and the corresponding lipopeptides were identified by the peptide binding assay.
Induction of cytotoxic T cells.
To measure the CTL responses against the selected peptides identified by the peptide binding assay, a classical 51 Cr release assay was used. The ability of the peptide and corresponding lipopeptide to induce CTL was also investigated. C57BL/6 mice were injected subcutaneously either with peptide P3 or with lipopeptide LP3 emulsified in IFA. Cytotoxic activity was determined, after an in vitro restimulation, against the target cell line EX-38, which expresses the 38-kDa lipoglycoprotein. EL-4 was used as a negative control. A strong specific CTL response against target cell line EX-38 was seen only after immunization with the lipopeptide in IFA and not with the peptide in IFA (Table 2) . This was statistically significant at a target/effector (T/E) ratio of 1:20 (P Ͻ 0.005). With the EL-4 cell line as the negative control, no significant lysis was observed. In addition, statistical differences were found between the target cell lines EX-38 and EL-4 for the lipopeptide (T/E ratios of 1:40 [P Ͻ 0.0025] and 1:20 [P Ͻ 0.025]) and for the peptide (T/E ratio of 1:40 [P Ͻ 0.025]) ( Table 2 ).
The ability of (lipo)peptides to induce CTLs is directly correlated with their capacity to up-regulate and stabilize MHC-I molecules in vitro (16) . C57BL/6 mice were immunized subcutaneously with either lipopeptide LP1, LP3, or LP4 in IFA, and the cytotoxic activity was evaluated. LP3 induced the strongest CTL response, followed by LP4 and LP1 (Table 3 ). These differences were statistically significant between lipopeptides LP3 and LP1 (P Ͻ 0.05) and between LP4 and LP1 (P Ͻ 0.05) ( Table 3 ). The differences in CTL induction displayed a good relationship with the different abilities of the (lipo)peptides to up-regulate and stabilize MHC-I molecules (Table 3) . Lipopeptide LP3 was the most immunogenic and gave the highest up-regulation and best stabilization of the MHC-I molecules. The differences in up-regulation were statistically significant between LP3 and the background (P Ͻ 0.005), LP3 and LP4 (P Ͻ 0.01), and LP3 and LP1 (P Ͻ 0.025). In contrast, LP1 was shown to be weak in inducing CTLs and up-regulating and stabilizing the MHC-I molecules. LP4 displayed an intermediate behavior; the difference in up-regulation was statistically significant between LP4 and the background (P Ͻ 0.005).
DISCUSSION
Peptides designed from the 38-kDa protein of M. tuberculosis, with known MHC-I (H-2D b ) mouse binding motifs, were studied for their ability to up-regulate and stabilize MHC-I molecules on the RMA-S cells. CTL induction by the identified peptides and corresponding lipopeptides was investigated in vivo.
Of the five peptides selected, two peptides up-regulated and stabilized MHC-I (H-2D b ) molecules on RMA-S cells (P3 and P4) (Fig. 1A and B) . Although all five peptides contained the required anchoring amino acid residues (asparagine on position 5 and either tyrosine, leucine, or isoleucine at the C terminus), this does not necessarily mean that they bind to the empty 2D b molecules. In general, 30 to 75% of the peptides with known binding motifs will bind to class I molecules (3, 9, 10, 28, 38) . Moreover, the binding affinity of peptides to class I molecules is not determined only by the presence of anchoring residues forming the binding motif: factors such as the length of the peptide, spacing between required anchoring residues, the other amino acids present in the peptide (secondary anchoring residues), and the amino acids flanking the CTL epitope also play an important role (7, 25, 44) . The absence of binding of peptides P1, P2, and P5 is therefore not easy to explain.
The ability of the lipopeptides to bind and to stabilize the H-2D b molecules was also investigated. Remarkably, the lipopeptides were, just as their corresponding peptides, capable of up-regulating and stabilizing the MHC-I molecules (Fig. 1B  and 3 ). This could not be attributed to the presence of free peptide, since no or only trace amounts of free peptide were detected in the lipopeptide preparations by high-pressure liquid chromatography analysis (data not shown). Schirmbeck et al. (27) demonstrated that processing of particulate protein antigens by cell lines and the subsequent presentation of CTL epitopes is a fast process (30 min to 2 h). Therefore, it is very likely that the lipopeptides are (partially) processed to the free peptide during the assays. This processing, however, takes place within the cell, and since the RMA-S cell line has a defect in the transporter for antigen presentation (TAP) (17), the free peptide will not be transported into the lumen of the endoplasmic reticulum, and therefore it cannot bind to the MHC-I molecules. Recently, an alternative MHC-I processing pathway for particulate antigens was described. This pathway was resistant to brefeldin A and is TAP independent (1, 21, 27, the cellular membrane and that just the peptide part interacts with the MHC-I molecules on the surface of the cells. Experiments to determine whether the alternative class I pathway is involved are in progress in our laboratory.
Binding and stabilization of MHC-I molecules by peptides are directly correlated to their ability to induce cytotoxic T cells in vivo (9, 16, 28, 44) . Indeed, also in our experiments, a good correlation was observed between the peptide or lipopeptide binding and stabilization of MHC-I molecules in vitro and their CTL-inducing capacity in vivo. The peptide P3 and its VOL. 66, 1998 CTL EPITOPES ON 38-kDa MYCOBACTERIAL LIPOGLYCOPROTEIN 3195 corresponding lipopeptide, LP3, excelled in their capacity to up-regulate and stabilize H-2D b molecules compared to peptide P4 and lipopeptide LP4, whereas peptide P1 and lipopeptide LP1 were unable to do so ( Fig. 2 and 3 ). These properties were reflected in their ability to induce CTLs in vivo (Table 3) .
Efficient induction of CTL responses in animals against soluble proteins or peptides is difficult to achieve. Linkage of lipid tails to peptides is a good method for inducing CTLs. Coupling of peptides to a complex tripalmitoyl-cysteine derivative induced strong CTL responses against pathogens such as human immunodeficiency virus, foot-and-mouth disease virus, influenza virus, and malaria parasites (5, 24, 26, (39) (40) (41) . We and others demonstrated that similar results can be obtained with monopalmitic acid-peptide constructs (18, 26) . We compared the immunogenic properties of peptide P3 and lipopeptide LP3 in combination with IFA (Table 2) . Only the lipopeptide induced a good CTL response. A possible explanation for this effect is that coupling of lipid tails to peptides will keep the conjugate attached to the oil droplet. As a consequence, adjuvant and antigen will end up in the same compartment of the immune system, which facilitates the induction of a good immune response. In addition, this formulation might protect the peptide against degradation by proteases and will introduce the epitope into the class I pathway more efficiently. Other peptides in combination with IFA might induce CTLs, but their interaction with oil will probably depend on the hydrophobic properties of the peptide (3, 9, 10, 38) . Most other groups who are using the same general approach for identifying CTL epitopes evaluate the in vivo capability of the identified peptides by immunization with peptides in combination with IFA. Had we used only the peptide in combination with IFA and not its lipid derivate, we would have failed to identify peptide P3 as a CTL epitope. Our results therefore indicate that it is better to use lipopeptides for the evaluation of the in vivo CTL-inducing capacity of peptides, especially since the monopalmitic acid lipid-peptide conjugates can be easily prepared during standard peptide synthesis.
Recently, Zhu et al. (47) also demonstrated that P3 was able to up-regulate class I expression, but they were unable to identify this peptide as a CTL epitope, nor was it recognized by effector CTLs, which were induced either by infection or by immunization. However, immunization of mice was carried out by them with the transfected cell line EX-38 or the DNA construct pXJ38.
In another report (46) , the DNA vaccine gave a level of protection similar to that of the BCG vaccine. Interestingly, striking differences in the CTL epitopes identified were observed in mice vaccinated with the 38-kDa DNA vaccine compared to those in mice which were infected with M. tuberculosis. The CTL epitopes described in this report gave only background lysis in their studies. Induction of strong CTL responses against these epitopes, however, might improve the protection provided by the 38-kDa lipoglycoprotein. The use of lipopeptides will enable us to define which CTL epitopes of the 38-kDa lipoglycoprotein should be included in future M. tuberculosis vaccines. a CTL responses (percentage of cytotoxicity) measured after an in vitro restimulation of the in vivo-primed spleen cells with mitomycin-treated EX-38 cells. Results are presented as means Ϯ standard deviations of three experiments. Statistical differences were found between lipopeptide and peptide at a T/E ratio of 1:20 with target cell EX-38 (P Ͻ 0.005), between target cells EX-38 and EL-4 for lipopeptide at T/E ratios of 1:40 and 1:20 (P Ͻ 0.0025 and P Ͻ 0.025, respectively), and for peptide at a T/E ratio of 1:40 (P Ͻ 0.025).
b Target cell line transfected with the gene encoding the 38-kDa lipoglycoprotein.
c Target cell line used as a negative control. a Immunization with lipopeptide-IFA. b MHC-I up-regulation was measured as described in the legend to Fig. 1 , and CTL induction was measured as described in Table 2 . The estimated minimal concentrations of lipopeptide required for stabilization were 10 M for LP3, Ͼ50 M for LP4, and none for LP1. The results of class I H-2D b up-regulation are from one of two representative experiments. Statistical differences were found between lipopeptides LP3 and LP4 (P Ͻ 0.01), LP3 and LP1 (P Ͻ 0.025), LP3 and none (P Ͻ 0.005), and LP4 and none (P Ͻ 0.005).
c Results from CTL responses are means of four or five experiments. Statistical differences were found between LP3 and LP1 (P Ͻ 0.05) and LP4 and LP1 (P Ͻ 0.05).
